Vibrio parahaemolyticus, an important agent of seafood-borne gastroenteritis, expresses several putative virulence factors that could account for the disease symptoms of infected humans, namely, diarrhea, nausea, and abdominal cramps. The pathogenicity of V. parahaemolyticus correlates well with the Kanagawa phenomenon (the hemolytic ability of strains grown on Wagatsuma blood agar), implicating the thermostable direct hemolysin (TDH) as the predominant toxin responsible for pathogenicity. TDH-induced hemolysis could be inhibited by the addition of the osmolyte sorbitol to the extracellular solution, supporting the hypothesis that hemolysis occurs through colloid osmosis secondary to an increase in the cation permeability of the membrane. (10, 14, 24, 26, 33, 35, 38, 45, 47) , and TDH-related hemolysin (30).
lesion is multihit in nature. TDH-induced K+ influx was sensitive to Zn2+. Time courses of hemolysis in isosmotic solutions of monovalent cation chlorides were used to obtain the selectivity series for the TDH-induced leak: Cs' > Li' > K+ > Rb+ > Na+. Both the Zn2+ sensitivity and this selectivity series were obtained for crude culture supernatants, suggesting that TDH is the predominant leak-inducing agent. Thus, we have identified several features of the TDH-induced leak likely to be important in the diarrhetic action of V. parahaemolyticus in the human intestine.
Vibrio parahaemolyticus is an important cause of gastroenteritis, with clinical symptoms of diarrhea, abdominal cramps, nausea, and vomiting (8, 21) . The diarrhea is usually watery and self-limiting but can be dysenteric in nature (21) . The mechanisms underlying the diarrhetic action of this pathogen are not well understood. However, the pathogenicity of strains correlates well with the Kanagawa phenomenon: the hemolytic ability of strains cultured on Wagatsuma blood agar (25) . The relationship between Kanagawa phenomenon hemolysis and pathogenicity suggests that hemolytic factors may underlie disease associated with V. parahaemolyticus. The culture supematants of pathogenic strains have been shown to contain several constituents that promote hemolysis, including a phospholipase A (47) , a lysophospholipase (47) , thermostable direct hemolysin (TDH) (10, 14, 24, 26, 33, 35, 38, 45, 47) , and TDH-related hemolysin (30) .
The genes encoding TDH (tdh-1 and tdh-2) and TDHrelated hemolysin (trh-1 and trh-2) have been cloned and sequenced (22, 29, 30) , and the cytotoxic activities of various preparations have been assayed on several cell types (34, 38) . Recent reports indicate that the TDH gene is transferable between members of the Vibrio genus, specifically V. parahaemolyticus and V. cholerae of the non-O1 serogroup (1, 15, 41) . Therefore, it has been suggested that TDH (and/or TDH-related hemolysin) may underlie the diarrhea * Corresponding author.
induced by a range of marine vibrios associated with seafoods (41) .
Compelling evidence for a pivotal role of TDH in enterotoxigenicity in V. parahaemolyticus was obtained recently. The precise nature of the membrane lesion induced by TDH remains obscure (7), although Honda et al. (14) recently published hemolysis and electron microscopic evidence favoring the induction of a pore-like lesion. Erythrocytes represent a well-characterized system for the analysis of membrane transport and agents that perturb it; they constitute a particularly appropriate model in which to test the effects of TDH because of the correlation between V. parahaemolyticus pathogenicity and hemolytic activity (25) . By use of hemolytic activity in conjunction with site-directed mutagenesis (2) and chemical modification of aromatic residues (42) , two amino acids (Trp-65 and Leu-66) have been identified as important for lytic activity.
We have obtained preliminary evidence that hemolysis caused by a crude TDH preparation occurs secondarily to an increase in the cation permeability of the erythrocyte membrane (16, 17) . In this study, we used the erythrocyte model to analyze the nature of the TDH-induced membrane lesion, which is likely to underlie diarrhea induced by V. parahaemolyticus infection. Experiments were performed under conditions of a pharmacological blockade of endogenous cation transport pathways by use of maximal inhibitory concentrations of ouabain (5), bumetanide (5), and nitrendipine (12) to block K+ influx by the Na+ pump, the Na+-K+-2Cl-cotransporter, and the Gardos channel, respectively. Under these conditions, residual K+ influx has properties dictated by electrodiffusion, allowing examination of the direct effects of TDH on the basal membrane leak. We delineated features of the TDH-induced lesion and demonstrated that TDH is the component of the V. parahaemolyticus culture supematant responsible for the generation of the cation leak and that it operates through a multihit mechanism. 21 ,000, previously reported [38] ) in SDS-PAGE (Fig. 1) . The identity of the protein was confirmed by amino-terminal sequencing (20 residues) by previously described techniques (27) mM glucose]) or obtained as outdated bank blood (Blood Transfusion Center, John Radcliffe Hospital, Oxford, United Kingdom). Erythrocytes were washed five times by centrifugation (in a Sorvall RT6000B centrifuge at 10°C and 2,500 x g for 5 min), aspiration, and resuspension in MOPS-buffered saline (MBS; 145 mM NaCl, 15 mM MOPS, 5 mM glucose; adjusted to pH 7.4 by the addition of Tris base). After centrifugation, the plasma and buffy coat were removed by aspiration. Hematocrits (HCts) of cell suspensions were determined by measuring hemoglobin released spectrophotometrically (A540) after the addition of 100 tl of cell suspension to 5 ml of Drabkin's solution (9) . All experiments were performed at 37 + 0.05°C with a thermostatically controlled water bath.
MATERIALS AND METHODS
Hemolysis studies. Time courses of hemolysis in MBS were measured to assess the relative potencies of pure TDH and crude TDH as hemolytic agents with the addition of a given volume of reagent. For initiation of an experiment, 100 ,ul of packed cells was added to 4.9 ml of MBS containing ouabain (0.1 mM), bumetanide (0.1 mM), and nitrendipine (10 p,M) (i.e., the maximal inhibitory doses of these inhibitors) and 100 ,ul of pure or crude TDH (obtained from thawed stock aliquots [see above]). Time courses of hemolysis in these solutions were assayed by measuring the hemoglobin released into supematants by lysed cells. At each time point, a 0.6-ml sample was taken and the cells were centrifuged (in an Eppendorf 5412/5414 Microfuge at 15,000 x g for 10 s). The A540 of the supematant (after dilution) was measured and expressed as percent hemolysis by comparison with the A540 yielded for the solution by 100% hemolysis (0.5 ml of cell suspension added to 3 ml of water). The H50 index was defined previously (13, 46) as the time taken for 50% hemolysis to occur. This index was calculated for both crude VOL. 61, 1993 on August 14, 2017 by guest http://iai.asm.org/ Downloaded from and pure TDH preparations at the standard doses used. There was a pronounced donor variation in the absolute H50 indices; accordingly, the H50 index for pure TDH was expressed relative to that for crude TDH.
Isosmotic solutions of the alkali metal chlorides (150 mM) were made in 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) (pH adjusted to 7.4 by the addition of Tris base) and adjusted to 291 + 3 mosmol by the addition of HEPES (as measured by use of a Wescor 5100 C vapor pressure osmometer). For initiation of an experiment, 100 RI of packed cells was added to 4.9 ml of the relevant solution, which also contained ouabain (0.1 mM), bumetanide (0.1 mM), and nitrendipine (10 ,uM) (as described above) and 30 ,u of TDH (obtained from thawed stock aliquots [see above]). Time courses of hemolysis were assayed as described above. At each time point, a 0.6-ml sample was taken and the cells were centrifuged (as described above). In these isosmotic experiments, (H50)-1 was a semiquantitative indicator of permeability to ion x (46) . Because of variations in the susceptibility of cells according to donor, permeability to any ion was expressed relative to permeability to Cs, since hemolysis was fastest in CsCl2. The (permeability to ion x/permeability to Cs) index was shown as an Eisenman plot (11) (i.e., plotted against the inverse of the crystal ion radius) and used to define the selectivity series for the TDH-induced lesion.
Influx measurements. 86Rb+ was used as a congener for K+. The assumption underlying this technique is that Rb+ is processed by membrane transport systems in a manner very similar to that found for K+. Although this assumption has been validated for many membrane transporters (37), it is still questionable for most pore-forming systems. However, in this study, we produce evidence that K+ and Rb+ are processed in very similar ways by the TDH-induced lesion (see Fig. 6 , the Eisenman plot for isosmotic hemolysis data). MBS containing sucrose (40 mM) (pH 7.4) was used as the basic flux medium to protect cells from lysis. The final amount of radioactivity per 1-ml Eppendorf tube was ca. 1 ,uCi/ml. Two techniques were used to measure K+ (86Rb+) influx. The first technique was the conventional MgCl2 wash technique, done as described previously (5); the results are expressed either as influx (millimoles per liter of cells per hour) or as the counts-per-minute index (CPMI). CPMI is defined as [10 x (counts per minute -background counts)]/ (standard counts per minute -background counts), where standard counts per minute is the number of counts produced by 10 ,ul of the KCl (plus trace 86RbCl) solution (150 mM) used to initiate (t = 0) the experiment. The second technique was the dibutyl phthalate (DBP) multiple-wash technique (12), which was used in experiments delineating the dynamics of the TDH-induced leak (see Fig. 2 ) because it allows rapid separation of cells from the medium; flux is terminated by the addition of a 200-,u aliquot of the suspension to 800 ,ul of ice-cold saline layered over 250 pl of DBP, through which the cells are then centrifuged (as described above). In both protocols, 150 mM KCl (plus trace 86RbCl) was added to the cell suspension to initiate the flux time course, such that the final concentration of extracellular K+ was 15 mM. Study of the dynamics of pore induction (see these experiments, various concentrations of target cells were treated with a constant amount of lytic agent in a constant reaction volume. For a given agent, if the absorbance (an index of total [as opposed to fractional] number of cells lysed) is found to decrease as the HCt is increased beyond a certain level, then it can be concluded that cell death is multihit (as opposed to single hit) in nature. By using K+ influx rather than hemolysis as our assay of TDH action (counts accumulated being the corrollary of the A540 in the method of Inoue et al. [18] ), we examined the nature of the lesion itself rather than the number of hits required for cell death.
Data presentation. Data are given either as the mean + the standard error of the mean for at least three separate experiments (see Table 1 and Fig. 6B ) or as typical results (see Fig. 2, 3, 4 , 5, and 6A).
RESULTS
The addition of an osmolyte (sorbitol at 23.5 mM) to the extracellular solution significantly inhibited TDH-induced hemolysis, increasing the H50 index by 18.7% ± 2.4% (Fig.  2) . The protective effect of increased extracellular osmotic pressure suggests that hemoglobin is released to the extracellular solution after membrane rupture because of volume expansion (because of colloid osmosis secondary to an increased net cation influx). Such a lytic process indicates an increase in membrane cation permeability. Thus, hemolysis appears to be the end result of colloid osmosis.
Using the DBP multiple-wash technique for measuring K+ (86Rb+) influx into ouabain-, bumetanide-, and nitrendipineinhibited cells, we examined the dynamics of the putative cation leak induced by TDH. The addition of 15 ,ul of TDH (at a twofold dilution of the stock aliquot) caused a large increase in K+ influx (Fig. 3) . This increase in flux was rapid in onset and constant in magnitude over a 9-min time course.
The extent of the increase in flux varied according to donor. Two donors showed large increases of similar magnitudes in CPMR with time after TDH addition; however, a third donor was less responsive.
The magnitude of K+ influx also varied with the hemato- ca. 0.02). In the middle HCt range (ca. 0.02 to 0.03), CPMI actually decreased rather than levelling off at a higher value. This result suggests that there was a protective effect of a higher target cell concentration, CPMIs being lower than those that would have been predicted if TDH acted only through a single-hit mechanism. In the highest HCt range, CPMI increased again; the slope of this relationship was less marked than that observed in the initial phase but more marked than that for the control cells, not treated with TDH (reflecting the increased basal level of leak caused by TDH treatment).
It was important to compare the potencies of the leaks induced by pure and crude TDH preparations. Evidently, some of the TDH-induced leak activity was lost during the purification protocol; pure and crude preparations were reconstituted into 4 and 10 ml of MBS (pH 7.5), respectively. At the concentrations thus obtained (with the crude preparation having an activity of 100 hemolytic units per ml), pure TDH was found to be a more potent leak-inducing agent than the crude preparation. This result was confirmed in experiments in which both preparations at 20 p.l/ml of cell suspension (HCts, 0.020 to 0.025; experiments were performed on three separate donors) caused a dramatic increase in K+ influx, the magnitude of the leak induced by the crude preparation being 68.7% ± 5.4% of that produced by pure TDH. At the same relative dose (i.e., 100 ,ul of agent added to 4.9 ml of cell suspension at an HCt of 0.02), the crude preparation had a higher level of hemolytic activity (Fig. 5) , the time courses for hemolysis being determined with sucrose-free MBS. The H50 indices were calculated as described in Materials and Methods; the H50 index for pure TDH was 96% ± 4.5% higher than that for the crude preparation. Table 1 shows the effect of Zn2+ (100 ,uM) on TDHinduced influx. For all four donors tested, Zn2+ (100 P,M) was inhibitory to TDH-induced K+ influx but caused a comparatively small increase in the level of leak in control cells, not treated with TDH. However, there was an extensive variation in the degree of inhibition; i.e., the quantitative reproducibility of the effect was poor. This result was reflected in the high standard error of the mean for the Zn2+ The data shown here indicate that (i) Zn2+ significantly inhibits the induced K+ influx pathway (Table 1 ) and (ii) the lesion underlying hemolysis is of a defined monovalent cation selectivity series (Cs' > Li' > Rb+ > K+ > Na+), a reversed Eisenman VIII series with a small K+ anomaly of debatable significance (Fig. 6 ). These two features of the TDH-induced leak have also been shown for the leak induced by crude culture supematants of V. parahaemolyticus (16, 17) . The evidence presented here suggests that the increase in membrane cation permeability induced by culture supernatants of V. parahaemolyticus is due to TDH alone, because the fluxes induced by crude and pure TDH preparations cannot be separated on the basis of either Zn2+ inhibition or substrate discrimination (reflected by the unusual profile of monovalent cation selectivity). Although the site(s) of Zn2+ action remains obscure (3, 4, 32) 
